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In this thesis the electrical transport of molecules is measured in large-area molecular junc-
tions. The name of the junctions originates from the large number of ∼ 1012 molecules that
are probed simultaneously. The junctions were developed at the University of Groningen
and at Philips Research Eindhoven [1–3]. The technological breakthrough is the use of
a conducting polymer electrode. Direct thermal evaporation of metals on molecules to
fabricate an electrical contact results in short-circuit formation. The conducting polymer
on top of the molecules prevents short-circuit formation. The junctions are reliable and
the yield is almost unity. The reproducibility of the junctions facilitates straightforward
acquisition of statistical relevant electrical data.
2.2 Fabrication
The success of the technology is based on the process flow chart, as shown in Figure 2.1.
The fabrication starts out with a 4” or 6” silicon wafer as substrate. The wafer is covered
with 500 nm thermally grown oxide passivated with hexamethyldisilazane (HMDS). A first
layer of gold bottom contacts and interconnects is defined by standard photolithography
and subsequent etching. The thickness of the bottom electrode is 50 nm and the surface
roughness 0.7 nm. Circular vertical interconnects (vias) are defined in insulating photore-
sist (MA1400 or L6000.5) on top of the gold bottom electrodes. The diameters of the circular
vias range from 1 µm to 50 µm. The photoresist is annealed at 200 ◦C to render it insoluble
in common organic solvents such as ethanol, toluene and THF. The vias expose the bottom
gold electrode where molecules can be self-assembled. The exposed gold is cleaned in a
low-power plasma etcher. Subsequently the wafer is immersed in a solution of thiolated
molecules that spontaneously chemically attach to the gold bottom electrode forming a
self-assembled monolayer (SAM) of one molecule thick. The concentration of molecules,
the solvent and the time of immersion depend on the specific molecules used. After taking










































Figure 2.1: Schematic process flow chart for the fabrication of large-area molecular junc-
tions. 1. Deposition bottom electrode. 2. Via definition. 3. SAM formation. 4. Spincoating
of PEDOT:PSS. 5. Deposition top electrode. 6. Etching of redundant PEDOT:PSS.
Figure 2.2: Photograph of a finished 6" wafer with 62 identical dies containing discrete
large-area molecular junctions of diameters of 1 – 50 µm and strings of molecular junctions.
The micrographs show discrete junctions of diameter 5 – 50 µm and a string of 5 µm
junctions.
the wafer out of the solution, generally after 2-3 days, the wafer is washed with ethanol,
toluene and propanol to wash away extra unbound molecules. The conducting polymer
PEDOT:PSS is spincoated on top of the SAM to make electrical contact to the top surface of
the monolayer. The thickness of the PEDOT:PSS layer is 90 nm. The layer is dried in a
dynamic vacuum at room temperature to remove excess water. Drying of PEDOT:PSS is
performed in vacuum at room temperature because at elevated temperatures molecules
may desorb. A gold top electrode of 150 nm is evaporated and structured on top of the
PEDOT:PSS. Finally, using reactive ion etching the exposed PEDOT:PSS is etched away to
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electrically isolate discrete molecular junctions. Because both top and bottom electrodes
are patterned, diodes can be serially connected in strings. Figure 2.2 shows micrographs of
finished discrete molecular junctions and a string of diodes. Large 6" wafers consist of 62
identical dies containing discrete molecular junction of 1 – 50 µm and strings of devices of
5 µm, resulting in the simultaneous fabrication of over 20.000 molecular junctions with a
yield of devices of nearly 100 %.
2.3 Self-Assembled Monolayers
Large-area molecular junctions are based on self-assembled monolayers (SAMs). Self-
assembly is the autonomous organization of components into patterns or ordered structures
without human intervention [4]. Self-assembly is a key aspect of nature. Many processes
are dominated by self-assembly such as the three-dimensional folding of proteins or the for-
mation of lipid bilayers. SAMs are spontaneously ordered monomolecular layers chemically
attached to a substrate. SAMs are a specific subset of self-assembled structures. SAMs
grow on a variety of different substrates due to specific molecular headgroups that attach
to the substrate.
The first SAM reported is an alkanethiol monolayer on gold [5]. This combination has
become the model system for monolayers [6–9]. Alkanethiol SAMs exhibit a (
p
3 ×p3) R30◦
reconstructed surface, resulting in a packing density of ∼ 4.6×1014 molecules / cm−2. The
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Figure 2.3: Schematic representation of a self-assembled monolayer (SAM) on a substrate
and common examples of headgroup - substrate combinations from which SAMs can be
grown.
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Nowadays many different substrate – headgroup combinations are known to produce
ordered SAMs [6, 7]. Therefore, SAMs can be formed from a large variety of molecular
compounds differing in headgroup, length, chemical backbone and endgroup. The structure
of the SAMs and the physical properties of the monolayers can be tuned to engineer
interfaces. Pioneers in the field have used SAMs to tailor properties such as the wettability
of surfaces [10] and the workfunction of metals [11]. The use of mixed SAMs leads to even
more fine-tuned control over the engineered surface [12,13].
2.4 PEDOT:PSS
The key ingredient of large-area molecular junctions is the conducting polymer used to
fabricate the top electrode, i.e. poly(3,4-ethylenedioxythiophene) stabilized with poly(4-
styrenesulphonic acid), PEDOT:PSS. It is the most successful conducting polymer material
up to date. Originally PEDOT was designed as a polythiophene variant with less steric hin-
drance between monomers to promote backbone planarity. Substitution at the 3,4-positions
of the thiophene rings increased stability. PEDOT exhibits high conductivity, optical
transparency and high stability [14–16].
However, the polymer is insoluble. PSS is a water-soluble polymer. PEDOT:PSS is a
complex in which the PSS stabilizes oxidized PEDOT while simultaneously increasing the
solubility, resulting in a water-based colloidal lattice [17]. The suspension can be used
to yield stable coatings with high conductivity and optical transparency [18]. Different
commercial formulations are nowadays available with conductivities upto 1000 S/cm. Thin
films of PEDOT:PSS have found its way into numerous applications [19,20]. In this thesis






















Figure 2.4: Molecular structures of PEDOT (top) and PSS (bottom). PSS simultaneously
stabilizes doped PEDOT, while increasing the solubility of the complex.
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Thin films of PEDOT:PSS consist of spherical grains of PEDOT-rich cores surrounded
by PSS-rich shells. The microstructure has been resolved using scanning tunneling mi-
croscopy [21] and electron microscopy studies [22]. Elongated pancake-like grains have
also been reported [23]. The electrical transport in PEDOT:PSS is dominated by hopping of
charge carriers from grain to grain. The workfunction of PEDOT:PSS is ∼ 5 eV, close to the
workfunction of gold.
2.5 Electrical Characterization
Large-area molecular junctions are two-terminal diodes. The characterization therefore
comprises the determination of the absolute value of the current density ( |J| ), the depen-
dence of current density on applied bias voltage (J–V characteristics) and the dependence
of the current density on temperature (J–T characteristics).
Electrical measurements were performed in commercial and home-built probe stations
under both ambient conditions and under vacuum. PEDOT:PSS is hygroscopic, a small
amount of water is constantly present. The water can be removed under vacuum or at
elevated temperatures. However, upon re-exposure to ambient the water immediately
re-absorbs. The presence of water slightly influences the absolute value of the current
density [2].
The current was measured by either a Keithley 4200 Semiconductor Characterization
System or a Keithly 2400 Sourcemeter controlled by a labview program. Direct-current
(DC) measurements were generally performed within a range of 0.5 V – 1 V. The maximum
voltage window of the molecular junctions is set by the water content since electrolysis
of water causes breakdown of the junctions [24]. Formation of H2 gas in the photoresist-
enclosed junctions leads to blow up of the junctions and delamination of PEDOT:PSS from
the bottom contact. The electrolysis is not destructive for biases < 1 V, but does lead to
small hysteresis in the J–V characteristics. At higher biases the junctions break down.
In order to investigate the transport characteristics at higher biases, pulsed measure-
ments were performed. Short millisecond pulses of the required bias were applied with
a Keithley 2602 System Sourcemeter while in between the pulses the connections were
grounded. Reduction of the effective ON-time of the voltage bias to the molecular junctions
decreases the amount of H2 formed and leads to an increased stable bias window up to at
least 5 V. A direct correlation between the duty cycle, ON-time pulse width and breakdown
voltage has been obtained [25].
Temperature-dependent measurements, both pulsed and DC, were performed in a Cryo-
genic Probestation (Janis Research Co.) equipped with a closed-cycle Helium refrigerator.
The sample table can be cooled down to 8 K. On top of the table the silicon wafer with
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Figure 2.5: Normalized resistance (RS) of ∼ 240 molecular junctions with diameter
5 – 50 µm based on a C18 monothiol SAM. The high yield of working devices in combination
with the reproducibility of the junctions leads to statistical relevant electrical transport
data.
molecular junctions was mounted. For increased thermal contact Apiezon N thermal grease
was used. The temperature of the junctions was calibrated with a temperature-dependent
resistor on top of the junctions. The lowest achievable temperature was 25 K. Any tempera-
ture in the range 25 K – 300 K was achieved by the combination of cooling and appropriate
heating of the sample table.
The measured currents as a function of bias voltage and temperature were generally
averaged over a large number of junctions. As a reminder, large 6" wafers consist of 62
identical dies containing molecular junctions. Figure 2.5 shows the normalized resistance
of C18 monothiol molecular junctions of different diameters as a function of die number.
The electrical characteristics are reproducible from junction to junction. Because of the
large number of simultaneously fabricated junctions and their reproducibility, large-area
molecular junctions yield statistical relevant electronic transport data.
2.6 Electrical Properties of Alkanedithiols
The first junctions were based on alkanedithiols [1, 2]. Because of the –SH terminated
endgroups, SAMs of dithiols yield a hydrophilic top surface. The initial hypothesis for
using dithiols was that this hydrophilicity would lead to an increased wetting of the
water-based PEDOT:PSS colloidal suspension as compared to more hydrophobic surfaces.
Molecules with 8, 10, 12 and 14 carbon atoms and the PHCV4 type of PEDOT:PSS were
used. The SAMs were grown from 3 mM ethanol solutions and the electrical characteristics
of junctions of 10 – 100 µm in diameter were measured. Reproducible junctions were
fabricated with a yield of > 95 %. The junctions were stable, both versus repeated voltage
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cycling and upon storage. Figure 2.6a shows average current density versus voltage
(J–V) characteristics of the junctions. The current scales linearly with the area of the
junctions. The current densities are identical. For all junctions the low voltage transport is
Ohmic while at higher voltages the current increases superlinear with voltage. The J–V
behavior is consistent with tunneling through a metal-molecule-metal junction with a high
barrier height of a few eV. Temperature-dependent measurements were performed from
293 K – 199 K. No change in the electronic properties was observed. Figure 2.6b displays
the dependence of the current density as a function of molecular length, at different voltages
of 0.1, 0.3 and 0.5 V for the C8, C10, C12 and C14 alkanedithiols. The current density
depends exponentially on the molecular length J ∝ exp−βL. The value of β changes with
voltage resulting in 0.66 Å−1 at 0.1 V, 0.61 Å−1 at 0.3 V and 0.57 Å−1 at 0.5 V. The transport
characteristics, i.e. the voltage- and temperature-dependence, and the exponential length-
dependence lead to the conclusion that non-resonant tunneling is the dominant transport
mechanism in large-area molecular junctions. Furthermore, in the original paper it was
argued that PEDOT:PSS could be regarded as a non-interacting metallic electrode [1].
Further effort in understanding the transport resulted in an adequate description of
the J–V characteristics at low bias using the Simmons tunneling model [2, 26, 27]. The
dielectric constant of the monolayers was determined by impedance spectroscopy and
used to incorporate the image potential of the metallic electrodes into the model. A good
agreement was obtained. However, the obtained tunnel barrier heights were not realistic.





































Figure 2.6: (a) Current density versus voltage (J–V) characteristics of alkanedithiols in
large-area molecular junctions. (b) Exponential dependence of the current density versus
molecular length. The tunneling decay coefficient β depends on the applied voltage. Figure
reproduced from [1].
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 30 mM HS-C14H28-SH
Figure 2.7: Dependence of the J–V characteristics of junctions with C14 dithiol on the
concentration of molecules in solution. High concentrations result in a full standing-up
phase while low concentrations yield a looped-phase with both –SH groups attached to Au.
The looped-phase effectively constitutes a thinner monolayer and results in higher current
densities. Figure reproduced from [28].
The barrier heights decreased with molecular length while the electronic orbitals, especially
the HOMO and LUMO, do not change in energy as a function of length.
The orientation of the molecules in the SAMs was shown to have a profound effect on
the electronic properties [2,28]. Alkanedithiol molecules contain two terminal –SH groups.
For long molecules both groups can attach to the Au bottom contact, forming a looped-phase.
X-ray Photoelectron Spectroscopy (XPS) showed that the formation of the looped-phase
depends on the concentration of molecules in the SAM-solution [28]. At high concentration,
rapid absorption of a second molecule next to a first one will prevent the first molecule to
loop back to the surface since no free absorption site is available. Therefore a higher dithiol
concentration will lead to a smaller fraction of the looped-phase. Figure 2.7 shows the
dependence of the J–V characteristics for HS-C14H28-SH assembled from ethanol solutions
containing different concentrations of molecules. High concentrations of 30 mM, yielding
almost exclusively the standing-up phase of C14-dithiol, result in low current density. Very
low concentrations of 0.3 mM lead to the looped-phase that effectively constitute a thinner
SAM, resulting in a significantly higher current density.
The concentration dependence in principle opens the possibility for a continuous varia-
tion of the current density of large-area molecular junctions based on identical molecules.
Continuous variation of the microstructure of the SAM yields accordingly different resis-
tance values. Surprisingly, the yield of the junctions remained > 95 %. The looped-phase of
alkanedithiols does not expose the –SH endgroup on the SAM surface but a canted –CH2–
group, leading to a more hydrophobic SAM surface.
2.7. ELECTRICAL PROPERTIES OF ALKANEMONOTHIOLS 35
2.7 Electrical Properties of Alkanemonothiols
Since the looped-phase of alkanedithiols, exhibiting a hydrophobic top SAM surface, could
be successfully characterized, the next logical choice was the characterization of alka-
nemonothiols. For the first characterization of alkanemonothiols, molecules with 8 – 22
even carbon atoms and the ICPnewtype formulation of PEDOT:PSS were used [3]. The
reproducibility, stability, area-scaling and yield of the molecular junctions were identical to
the junctions based on alkanedithiols. The J–V characteristics were non-linear as well. The
red diamonds in Figure 2.8 show the normalized resistance RS as a function of molecular
length. RS of molecules with 8 – 12 carbon atoms were indistinguishable from PEDOT:PSS
only, while for longer molecules RS increases exponentially with molecular length. A slope
of 0.9 per carbon atom is found, resulting in 0.73 Å−1. This value corresponds well with the
value of 0.66 Å−1 found for alkanedithiols.
The absolute value of the resistance of the alkanemonothiol junctions was lower than
that found for the corresponding dithiols. The length dependence of both molecular series
was practically identical. Extrapolation of the dependence to zero molecular length showed














Figure 2.8: The influence of process parameters on the absolute value of the normalized
resistance RS of alkanemonothiols in large-area molecular junctions. RS is plotted as
a function of molecular length. The different datasets represent junctions that were
fabricated using different process parameters. The dependence on molecular length is
constant, while the absolute value is determined by the specific combination of photoresist
and type of PEDOT:PSS. The red diamonds represent junctions fabricated with L6000.5
photoresist and the ICPnewtype formulation of PEDOT:PSS, the blue circles using L6000.5
and PH500 with 5 % DMSO and the green squares using MA1400 and ICPnewtype. Figure
reproduced from [3].
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a lower RSL=0 for monothiols than for dithiols. The difference was argued to stem from a
lower contact resistance. A lower contact resistance for alkanemonothiols was counterintu-
itive since water-based PEDOT:PSS is expected to exhibit less adhesion with the monothiol
SAM surface, resulting in less intimate contact. In order to investigate the differences in
absolute resistance, the influence of process parameters on the device characteristics was
determined.
2.8 Influence of Process Parameters
The technology of large-area molecular junctions is based on PEDOT:PSS as a top electrode.
Numerous commercial formulations are available. Formulations differ in e.g. electrical
conductivity, PEDOT-to-PSS ratio and added surfactants. Alkanemonothiols were used as
constant SAMs to investigate the influence of process parameters such as the formulation
of PEDOT:PSS on the electrical transport. The blue circles in Figure 2.8 represent the
resistance of molecular junctions fabricated using the PH500 formulation of PEDOT:PSS
with 5 % dimethylsulfoxide (DMSO) added. The conductivity of the PH500 formulation is
typically ∼ 0.1 S/cm while the addition of DMSO results in a conductivity of ∼ 300 S/cm.
This value is comparable to the conductivity of the ICPnewtype formulation. The resistance
of the molecular junctions fabricated with the PH500 formulation was higher than the
junctions fabricated with the ICPnewtype formulation. The dependence on molecular length
was nevertheless identical. The comparison showed that the resistance of the molecular
junctions depends on the type of PEDOT:PSS used. The conductivity of the PEDOT:PSS
layer is reflected in the molecular junctions. This implies that molecular junctions can be
fabricated with identical molecules using different process parameters that results in a
range of different resistance values.
The second adjustable process parameter is the type of photoresist used in which the
molecular junctions are embedded. The green squares in Figure 2.8 represent data of
molecular junctions fabricated with MA1407 negative photoresist instead of the L6000.5.
The type of PEDOT:PSS is the ICPnewtype formulation. Figure 2.8 shows that the absolute
value of the resistance of the junctions depends on the type of photoresist as well while the
length-dependence remains constant. Apparently not only the conductivity of PEDOT:PSS
is crucial but also how it is applied on top of the SAM. In first order approximation the
type of photoresist does not influence the interface between the SAM and PEDOT:PSS. The
influence of the photoresist is tentatively explained by the different surface energies. The
morphology of PEDOT:PSS will depend on the surface energy of the photoresist. It remains
a second order effect however.
2.9. CONCLUSIONS 37
The absolute value of the resistance of the molecular junctions thus depends on the
PEDOT:PSS and the type of photoresist used. A single measurement can yield various
resistance values based on process parameters and wetting parameters of the SAM. There-
fore, length series of molecules are necessary to investigate charge transport in large-area
molecular junctions. Furthermore, a default fabrication process needs to be defined since
measurements depend critically on the process. In this thesis, the default photoresist is
MA1400 and the default PEDOT:PSS formulation is ICPnewtype.
2.9 Conclusions
Stable and reproducible large-area molecular junctions can be fabricated using a conducting
polymer interlayer between a SAM and a gold top electrode. Molecular junctions yield
statistical relevant and reliable transport characteristics of benchmark self-assembled
monolayers of alkanedithiols and alkanemonothiols. The influence of the molecular mono-
layer is observed in an exponential dependence of the resistance on molecular length,
RS∝ expβL, with β = 0.66 Å−1 for alkanedithiols and β = 0.73 Å−1 for alkanemonothiols.
Furthermore, variations in structure of the monolayers are reflected in changes of the
electrical characteristics of the molecular junctions. The absolute value of the resistance,
nevertheless, depends crucially on the type of PEDOT:PSS and type of photoresist used to
fabricate the junctions.
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